Context: There are discrepancies in the seasonality of insulin resistance (IR) across the literature, probably due to age-related differences in the seasonality of lifestyle factors and thermoregulation mechanisms.
. However, factors that change with age, such as marital status, onset of comorbidities, and housing status (community dweller vs other), could lead to different patterns in the seasonality of physical activity (13) and diet (12) . Additionally, the elderly are more susceptible to thermal challenges, such as exposure to low ambient temperature, due to age-related impairment of thermoregulation mechanisms (14) , some of which are related to IR (15, 16) . In consequence, age-related differences in the seasonality of lifestyle and in the influence of meteorological factors could lead to different seasonal patterns of IR.
Nevertheless, to our knowledge, no previous study has evaluated the role of individual and environmental factors in the seasonality of IR with an age-specific approach. Therefore, we examined the seasonal variation of IR, according to the homeostatic model assessment-IR (HOMA-IR), and that of glucose and insulin levels, among middle-aged and elderly participants of a Dutch population-based cohort. Additionally, we examined the role of lifestyle markers and of meteorological factors in the seasonal patterns.
Material and Methods

Study design
This study is a cross-sectional analysis based on the Rotterdam Study, a population-based prospective cohort comprised in 1989 inviting all elderly people living in the Ommoord district in Rotterdam, the Netherlands (17) . The Rotterdam Study aims to investigate factors that determine the occurrence of cardiovascular, neurological, ophthalmological, endocrinological, and psychiatric disease in elderly population. The study is composed by three cohorts (RS-I: 7893 participants 55 years of age or older; RS-II: 3011 participants older than 55 years of age or who moved into the district; and RS-III: 3932 participants 45 years of age and older). Follow-up visits are performed every 5 years (17) . The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus Medical Center and by the Ministry of Health, Welfare, and Sport of the Netherlands, implementing the Wet Bevolkingsonderzoek: ERGO (Erasmus Rotterdam GezondheidsOnderzoek) (Population Studies Act: Rotterdam Study). All participants provided written informed consent to participate in the study and to obtain information from their treating physicians.
Out of 40,846 visits obtained from 14,926 participants, fasting insulin and glucose levels were determined in 15,928 visits (10,259 participants) (Supplemental Fig. 1 ). We further excluded those with diabetes diagnosis or taking medication for diabetes at the time of a visit and those with glucose levels above 7 mmol/L. Analyses were performed with data obtained in 13,622 visits (observations) among 8979 participants (Supplemental Fig. 2 (18) . The HOMA-IR has been shown to correlate well with the euglycemic hyperinsulinemic clamp method (19) , which is the gold standard for IR. Fasting blood serum was drawn during the examination at the research center. Blood collection was performed by venipuncture at the center, and the blood was stored at -80°C in 5-mL aliquots. Glucose was measured within 1 week of sampling using the glucose hexokinase method (20) . Serum insulin levels were determined in samples that had been kept frozen from baseline (1997 
Assessment of lifestyle markers
Physical activity was assessed on the third visit of RS-I and on the first visit of RS-II using a validated adapted version of the Zutphen Physical Activity Questionnaire (23) and expressed in metabolic equivalent of task-h/wk (24) . Questions on housekeeping activities were added to the original questionnaire that already included questions on walking, cycling, gardening, hobbies, and diverse sports. The LASA (Longitudinal Aging Study Amsterdam) Physical Activity Questionnaire (25) was used on the fifth visit of RS-I, the third visit of RS-II, and the first and second visits of RS-III, which contains questions regarding the frequency and duration of walking, cycling, sports, gardening, and housework. BMI was calculated as weight divided by height squared (kg/m 2 ). Height and weight were measured with participants standing without shoes and heavy outer garments and with emptied-out pockets, breathing out gently. Height was measured with a wall-mounted stadiometer and recorded to the nearest 0.1cm. Weight was measured with an electronic floor scale and recorded to the nearest 0.1 kg.
Assessment of covariates
Data on covariates were collected through home interviews or measured in the Rotterdam Study research center by trained research assistants (17) . History of cardiovascular disease, chronic obstructive pulmonary disease, and cancer at the visit date was obtained from medical records. Smoking behavior was requested via questionnaires and categorized as never, current, or former. Housing condition was classified as community dweller vs non-community-dweller (i.e., service flat, nursing home). Alcohol intake was obtained using the AUDIT tool (26) and was categorized as ,2.5, 2.5 to 4.4, and $4.5 glasses/d. Blood pressure was measured twice after a resting period of 5 minutes in a single visit using a random-zero sphygmomanometer (cuff size of 32 3 17 cm) on the right arm of participants in sitting position; the average of the measurements was used in the analyses. Lipid profile measurements were conducted using an automated enzymatic procedure (27) (Hitachi Analyzer; Roche Diagnostics, Washington, DC). Waist circumference was measured at the level midway between the lower rib margin and the iliac crest using a nonstretchable tape and recorded to the nearest 0.1cm.
Fat mass index (FMI) was determined by dividing total fat mass by height squared in meters (g/m 2 ). Total fat mass was available for 7182 participants and was assessed by dual-energy X-ray absorptiometry using a Prodigy total body-fan beam densitometer (GE Healthcare Lunar Corp., Madison, WI) following manufacturer protocols; scans were analyzed with en-CORE software version 13.6 (GE Healthcare Lunar Corp.) using predetermined regions of interest. Data on diet quality were available for 8766 participants and are expressed as the adherence to 2015 Dutch dietary guidelines for 14 food groups (28, 29) . Diet quality data were obtained using a self-administered semiquantitative food frequency questionnaire with 170 food items among participants of the first visit of RS-II (29) and with an extended food frequency questionnaire based on 389 selfadministrated food items among remaining participants (30, 31) .
Participants were classified as having metabolic syndrome if they had two out of four of the following factors, modified from Alberti et al. 
Statistical methods
All analyses are stratified as follows: middle-aged, ,65 years of age and elderly, $65 years of age. To account for potential bias associated with missing data, we used multiple imputation procedures (n = 5 imputations) to impute missing values of covariates. We applied sequential multiple imputation using chained equations with outcomes and covariates as predictors (a full description of the imputation procedure is provided in Supplemental Table 1 ). General characteristics of the population according to age group and season on the imputed data set are presented using descriptive statistics. Categorical variables were described with absolute frequency and percentage; the distribution was compared using the x 2 test. Continuous variables were described with median and interquartile range (IQR) (25th and 75th percentile); the distribution was compared using the Kruskal-Wallis test.
We examined the seasonality of HOMA-IR, glucose, and insulin using a generalized linear mixed model with log link, due to their skewed distribution. Seasonality was examined with cosinor analysis using the date of blood sampling as time parameter. We assumed a sinusoidal seasonal variation with a period of 1 year. Model 1 (crude model) included the cosinor terms and the date (linear and quadratic, to account for longterm temporal trends). Model 2 (adjusted model) additionally included age, sex, visit, smoking behavior, alcohol intake, housing status, prevalence of cardiovascular disease, comorbidities, antihypertensive and statin intake, systolic blood pressure (mm Hg), and total cholesterol (mmol/L). The cosinor terms were used to calculate the seasonal variation, which corresponds to the peakto-nadir variation of the outcome throughout the annual period. The percentage of seasonal variation compared with the adjusted average (POA) was calculated as: (seasonal variation/ adjusted average) 3 100. Procedures for estimation of the seasonal variation are provided elsewhere (2, 33) . Confidence intervals (CIs) around seasonal variation were calculated under the assumption of normality, using bootstrap (100 samples).
Additional models were fitted to estimate the effect of BMI and physical activity (Model 3, lifestyle model) and of meteorological factors (Model 4, meteorological factors model) on the seasonality of the outcomes. The effect was operationalized as the reduction of the seasonal variation of Model 3 and Model 4, separately, compared with the seasonal variation in Model 2, and was expressed in percentage. BMI was included as a cubic spline with three degrees of freedom. Meteorological factors at the blood sampling date and the 5 days before were included in the models with one constraint between day 0 (sampling day) and day 1 and another between day 2 and day 5.
To test for possible effect modification, we repeated our main analysis according to age groups and sex. We examined the seasonality of HOMA-IR, glucose, and insulin according to metabolic syndrome (yes vs no) and obesity (BMI ,30 kg/m 2 vs $30 kg/m 2 ). Two sensitivity analyses were performed in subsamples of the population with available data of dietary patterns (kilocalories intake and diet quality) and of FMI, separately, by examining the change of the seasonal variation after including these covariates. A third sensitivity analysis was performed by excluding participants with one or more comorbidities. For all analysis, we used Stata version 14.1 SE (StataCorp LP, College Station, TX) (34) .
Results
Age and sex distribution were 58.9 years [IQR (25th to 75th percentile) = 55.3, 61.7] and 57% women among the middle-aged, and 73.1 years (IQR = 68.6, 78.2) and 59% women among the elderly. Table 1 shows the characteristics of participants at date of visit according to season and age group. Median systolic blood pressure was significantly higher in winter than in summer both among middle-aged (133 vs 129 mm Hg, P , 0.001) and elderly participants (147 vs 143.8 mm Hg, P , 0.001). Elderly community-dweller participants were more likely to attend the study in winter than in summer, compared with noncommunity dwellers (91.2% vs 82.8%, P , 0.001).
Seasonality of HOMA-IR, glucose, and insulin
Among middle-aged participants, HOMA-IR was 0.11 units (95% CI: 0.03, 0.20) higher in summer than in winter, representing about 10.5% of the average HOMA-IR. Among the elderly, HOMA-IR was 0.29 units (95% CI: 0.21, 0.37) higher in winter than in summer, representing about 29.2% of the average HOMA-IR ( Fig. 1 ; Table 2 ). These patterns were reflected by the increment of insulin by 0.28 mIU/mL in summer (95% CI: -0.05, 0.69; POA = 11.8%) among the middle-aged and 0.96 mIU/mL in winter (95% CI: 0.58, 1.28; POA = 41.2%) among the elderly. Glucose was stable throughout the year, although the seasonality was somewhat larger among middle-aged than among elderly participants [0.05 mmol/L (0.01, 0.09; POA = 3.2%) vs 0.01 mmol/L (-0.01, 0.05; POA = 0.8%)] ( Table 2) .
Effect of lifestyle and meteorological factors on the seasonality of HOMA-IR, glucose, and insulin
Lifestyle markers explained most of the seasonality of HOMA-IR among middle-aged participants (seasonal variation change = -39%). Among the elderly, ambient temperature explained the largest part of the seasonality of HOMA-IR (-88%), followed by sunlight hours (-24%) and lifestyle markers (-20%). Among the middle-aged, glucose seasonality was explained by relative humidity (-56%), followed by lifestyle markers (-18%), whereas insulin seasonality was partly explained by lifestyle markers (-23%). Among the elderly, glucose seasonality was not influenced by lifestyle markers or meteorological factors, whereas insulin seasonality was mostly explained by ambient temperature (-89%), followed by sunlight hours (-24%), lifestyle markers (-16%), and relative humidity (-13%). Analyses based on the nonimputed data set are shown in Supplemental Table 1 . Full results of the cosinor models are provided in Supplemental Table 2 . Stratified and sensitivity analyses Middle-aged men had a larger seasonal variation than middle-aged women for HOMA-IR (0.22 vs 0.10 units), glucose (0.07 vs 0.05 mmol/L), and insulin (0.87 vs 0.41 mIU/mL). Lifestyle factors explained a smaller part of HOMA-IR seasonality among middle-aged men (-30%) than among women (-48%). Lifestyle markers and relative humidity explained a larger part of glucose seasonality among middle-aged men (-23% and -62%) than among women (-12% and -41%). Among the elderly, seasonality estimates were similar according to sex for HOMA-IR (men = 0.30 units vs women = 0.27 units), glucose (0.03 vs 0.02 mmol/L), and insulin (0.98 and 0.91 mIU/mL). Lifestyle markers explained a larger part of HOMA-IR seasonality among elderly men (-33%) than among women (-8%), but the influence of ambient temperature and sunlight hours was larger among elderly women (-72% and -37%) than among men (-49% and -10%) (Supplemental Table 3) .
No large differences in the seasonality of HOMA-IR, glucose, and insulin levels were observed in the stratified analysis according to metabolic syndrome or obesity. Descriptive estimates based on imputed data set. n = absolute frequency.
Abbreviations: CVD, cardiovascular disease; MET, metabolic equivalent of task; SBP, systolic blood pressure. a Adjusted for cosinor terms, age, sex, cohort, smoking behavior, alcohol intake, housing status, prevalent cardiovascular disease, comorbidities, medication intake (antihypertensive and statins), cholesterol levels, and systolic blood pressure.
Among the middle-aged, the seasonality of glucose was partly explained (-12%) by diet quality, but not by FMI. None modified the seasonality estimates among the elderly. Among the middle-aged, seasonality estimates remained similar after the exclusion of participants with comorbidities, except for insulin, which increased to 0.36 mIU/mL (POA = 15.1%). Among the elderly, HOMA-IR seasonality remained the same, but glucose seasonality increased to 0.03 mmol/L (POA = 1.8%) and insulin seasonality increased to 1.04 mIU/mL (POA = 44.7%) (Supplemental Tables 4 and 5 ).
Discussion
In this large population-based Dutch cohort, seasonality of IR according to HOMA-IR was larger among elderly participants than among middle-aged participants. Among the elderly, the seasonality of HOMA-IR reflected that of Figure 1 . Figure shows the monthly average of (a) HOMA-IR, (b) glucose, and (c) insulin, according to age group. The solid line corresponds to the seasonal pattern among middle-aged participants, and the dashed line corresponds to the seasonal pattern among elderly participants. The range around estimates corresponds to 95% CIs. The patterns are adjusted for cosinor terms, date (linear and quadratic), age, sex, visit, smoking behavior, alcohol intake, housing status, prevalent cardiovascular disease, comorbidities (chronic obstructive pulmonary disease, cancer), medication intake (antihypertensive and statin), cholesterol levels, and systolic blood pressure. Model 1: Cosinor terms and date (linear and quadratic). Model 2: Model 1 + age, sex, cohort, smoking behavior, alcohol intake, housing status, prevalent cardiovascular disease, comorbidities (chronic obstructive pulmonary disease, cancer), medication intake (antihypertensive and statin), cholesterol levels, and systolic blood pressure. BMI: cubic spline with three degrees of freedom.
Abbreviations: PA, physical activity (z score of metabolic equivalent of task-h/wk); Ref, reference; SV, seasonal variation. a At least one cosinor term significant at 0.025 level.
insulin, with peak in winter, and ambient temperature mostly explained the pattern. In contrast, among the middle-aged, the modest seasonality of HOMA-IR reflected that of glucose, with peak in summer, and lifestyle markers mostly explained the pattern. Age-related differences in thermoregulation could explain the winter peak of IR among the elderly. The winter peak of IR among the elderly was mostly explained by ambient temperature. This finding agrees with previous studies showing that sustained exposure to lower ambient temperature increases energy expenditure and IR (15, 35) . Nevertheless, this finding was not observed in middle-aged participants. This could be explained by the age-related impairment of thermoregulation, which may alter the cold perception among elderly, exposing them more frequently to sustained exposure to low ambient temperature (36, 37) . Consequently, the winter peak of IR may reflect a sustained cold exposure, probably due to the failure to undertake preventive behavioral measures, like proper thermal isolation in buildings and clothing. In addition, the nature of the thermoregulation impairment among the elderly may systematically magnify the IR under cold exposure. Indeed, exposure to low ambient temperature activates physiological thermoregulation mechanisms aimed to produce and preserve heat (14) . These mechanisms involve the sympathetic nervous system and local signaling pathways. However, for reasons not completely understood, the sympathetic pathway is diminished among the elderly, creating a discrepancy that in the long term may reduce the nitric oxide (NO) bioavailability (14) . The reduced NO bioavailability creates a state of IR, as insulin uses NO to induce vasodilation in insulin-sensitive tissues (38) , some of which are involved in heat preservation through skin vasoconstriction and blood flow redistribution. Therefore, an impaired response to cold exposure would elicit a reactive hyperinsulinemia (39) . Moreover, the ability of thermoregulation mechanisms to cope with the seasonal variation of ambient temperature may be further hampered by the higher prevalence of comorbidities and of medication intake among the elderly.
Among middle-aged participants, the seasonality of IR reflected the seasonality of glucose, which was explained by lifestyle markers (i.e., BMI and physical activity), in agreement with previous evidence (4). We found that relative humidity also explained a large part of the seasonality of glucose among the middle-aged. We hypothesize that relative humidity may influence the seasonality of glucose through diet behavior. For example, low levels of relative humidity during summer, when ambient temperature increases, may explain the summer peak of sugar-containing beverages, ice creams, and alcohol intake (12) . Indeed, diet quality explained about 12% of the seasonality of glucose among the middle-aged in our sensitivity analysis, and the seasonality of diet quality was explained by relative humidity in both age groups (results not shown). We are not aware of studies addressing the role of meteorological factors in diet behavior, but these are required to examine this association. The fact that relative humidity did not explain the glucose seasonality among the elderly suggests that its potential influence was outweighed by the large seasonality of insulin, which contributed to maintain constant levels of glucose (4) . Additionally, the influence of lifestyle factors on the seasonality estimates was smaller among the elderly, reflecting the smaller seasonality of their lifestyle factors. Similarly, lifestyle factors had a smaller influence on the seasonality estimates among women than among men. This finding can be attributed to the higher prevalence of comorbidities among the elderly and a healthy behavior consciousness both among the elderly and women, which would make them less prone to changes in lifestyle behavior on a seasonal basis.
Our findings have multiple relevant implications. First, the winter peak of IR among the elderly provides a plausible mechanism for the seasonality of cardiovascular risk and of proinflammatory and procoagulant factors (2, 40, 41) , and, arguably, also of cardiovascular mortality (22, 42, 43) . Indeed, the reactive winter hyperinsulinemia has been associated with a phenomenon of selective IR, which may worsen the endothelial dysfunction (16) and increase the production of proinflammatory and prothrombotic mediators (39) , such as endothelin-1 (16) . Future studies are required to confirm this hypothesis among susceptible populations, such as the elderly. Second, the fact that ambient temperature did not influence the seasonality of glucose in our population contradicts previous evidence suggesting that low ambient temperature exposure (44) could modify glucose metabolism through brown adipose tissue (BAT) activation (45, 46) . However, it is possible that under nonexperimental conditions, factors such as diet counteract the effect of BAT activation. Therefore, populationbased studies addressing the role of BAT on glucose metabolism are required to weight its therapeutic value to prevent and control diabetes. Third, although we were unable to determine the actual mechanisms of exposure to low ambient temperature, our findings suggest that ambient temperature is a leading cause of the winter-related IR in susceptible populations. Clinicians and clinical guidelines should address the exposure to low ambient temperature by recommending and pursuing measures to warrant proper thermal isolation in home buildings and in clothing. Nevertheless, our understanding of the mechanisms to low ambient temperature exposure needs to be improved to account for the clustering of associated factors, such as energetic poverty and frailty. Finally, our findings suggest that season-led recommendations on dietary patterns and physical activity would contribute to reduce the burden of seasonal hyperglycemia.
Our study has several strengths. First, in contrast with previous studies, we had up to two measurements for most of our participants, which contributes to reducing the random variability of the outcomes across seasons. Second, we adjusted for several confounders, which reduces the seasonality that could be explained by the nonrandom participation of the cohort population. Third, to our knowledge, we are the first to examine the effect of lifestyle markers and meteorological factors in the seasonality of HOMA-IR, glucose, and insulin. However, we also have to acknowledge several limitations. First, because our population was predominantly a European white population with high levels of physical activity, comorbidities, and high BMI, our findings must be confirmed in other settings. Second, lifestyle markers did not modify the seasonality of HOMA-IR and insulin among middle-aged participants when we replicated the analysis in the nonimputed data set. This discrepancy can be explained because HOMA-IR and insulin levels were higher in the population with missing data on BMI and/or physical activity than in those with complete data. HOMA-IR and insulin at lower levels could be less susceptible to the variation of BMI and physical activity than at higher levels, and consequently, the influence of these lifestyle markers could be underestimated in the nonimputed data set.
Conclusion
In this large population-based Dutch cohort, seasonality of IR, according to HOMA-IR, was larger among elderly participants than among middle-aged participants. Among middle-aged participants, the modest seasonality of IR reflected that of glucose, with a summer peak, and lifestyle factors explained the pattern. Among the elderly, the seasonality of IR reflected that of insulin, with a winter peak, and ambient temperature explained the pattern. IR seasonality among the elderly appears susceptible to adverse climatic conditions, due to increased exposure to low ambient temperature and age-related impairment of thermoregulation, thus providing a plausible mechanism for the winter peak of cardiovascular risk through endothelial dysfunction. Taking into account that the susceptible population is rising given the worldwide aging trend, it is an urgent matter from the clinical and public health perspective to address environmental risk factors, such as exposure to low ambient temperature, as a relevant mechanism of IR, with potential implications on cardiovascular risk.
